We report new potential energy curves for the X 1 + and A 1 states of the CO molecule by employing the realistic extended Hartree-Fock approximate correlation energy model for diatomics with inclusion of the united-atom limit (EHFACE2U). Special care has been taken to describe the A 1 potential maximum, since this affects the vibrational wave functions of the highest vibrational levels. The corresponding vibronic spectroscopy and Franck-Condon factors (v = 0, 1) have also been calculated using accurate ab initio transition dipole moments. Comparison has been made with recent theoretical and experimental data. C
INTRODUCTION
Accurate potential energy curves are important for any reliable spectroscopic study. In particular, the enormous advances in spectroscopic techniques have prompted such a need. In view of their simplicity, diatomic molecules offer an important ground for such investigations.
The CO valence spectrum has been the subject of several studies. In fact, being the second most abundant molecule in interstellar space, it has attracted wide interest in the astrophysics community (1) . In particular, astrophysics models need accurate transition parameters with the potential energy curves being essential for their calculation. Experimental data for valence vibronic transitions have been gathered through electron impact and optical absorption experiments; the former have been reviewed in Ref. (2) , and the latter in Ref. (1) . Several theoretical studies of both processes have also been carried out, and related references can be found in Ref. (3) .
Among the various CO valence vibronic bands, the A 1 (v ) ← X 1 + (v = 0) deserves special attention. Since the A 1 potential energy curve cannot yet be described with spectroscopic accuracy by ab initio calculations (4), work on this transition must rely on potential energy curves generated from RKR turning points (5) . In turn, the corresponding oscillator strengths are found to vary over four orders of magnitude, a feature which has been used to determine the relative abundance of the various isotopic forms of CO in the interstellar space (5). Moreover, Simmons et al. (6) (7) . Recently, one of us and Voronin (8) investigated the origin of this potential maximum. Contrary to the usual explanation of an avoided crossing between states of the same symmetry, its origin has been ascribed (8) to the repulsive character of the asymptotic exchange energy for the A 1 electronic state of CO. Clearly, the topological features of the A 1 potential energy curves, in particular its repulsive part, the shape of the maximum, and the behavior close to the dissociation limit, will influence the description of the high vibrational levels. Thus, the transitions A 1 (v ) ← X 1 + (v ) will be also affected by such features.
The present work has been motivated by recent experimental measurements of optical oscillator strengths for the (1, 5, 9) , and the discrepancy between the theoretical calculations and the experimental values (10) . There is also an interest in obtaining a simple, yet physically motivated, analytical representation of the CO potential energy curves, as offered by the EHFACE2U (11, 12) model.
A major goal of this work is to report novel EHFACE2U curves for the X 1 + and A 1 states of CO by using RKR turning points and ab initio data for their calibration, and investigate the spectroscopy of the transitions 
POTENTIAL ENERGY CURVES
The EHFACE2U model assumes the general form (11, 13) 
where EHF denotes the extended Hartree-Fock energy, and dc is the dynamical correlation energy. The term V dc leads asymptotically to the second-order dispersion energy, which is approximated semi-empirically by
where the damping functions (14-16) for the dispersion coefficients assume the form
and A n and B n are the auxiliary functions (15)
B n = β 0 exp(−β 1 n) [5] with α 0 = 16. (8), and 24.80E h a 6 0 for the X 1 + state (11) . The values of the dispersion coefficients C 8 and C 10 are estimated from the corresponding C 6 value using the universal correlation (12)
where κ 8 = 1, κ 10 = 1.31, and a = 1.54 are constants. The V EHF component of the potential is written as (11)
where γ (r ) = γ 0 [1 + γ 1 tanh(γ 2 r )], r = R − R m is the displacement from the equilibrium geometry, and D, a i (i = 1-N ), and γ i (i = 1, 2) are parameters to be determined from a leastsquares fitting procedure to RKR and/or other available data. In turn, the asymptotic exchange energy V asym exc for the A 1 state assumes the form (8) [8] whereγ = 1.901a
EHF is the dominant term at asymptotic distances, one must require that γ (∞) >γ (11 (11) imposes the condition of a normalized kinetic field (18) , and hence satisfies the correct Coulomb behavior at R → 0:
To obtain the set of parameters a i (i = 1-N ) and γ i (i = 0-2), we have carried out a constrained nonlinear least-squares fit to the RKR points of Spielfiedel et al. (10) . For the ground state X 1 + , such points have been obtained from spectroscopic constants reported by Le Floch (19) , namely nine vibrational and seven rotational constants. In turn, for the excited state 
have been defined from the available spectroscopic data (as compiled in Ref. (10)); D e is the equilibrium well depth, and R 0 = 6.7764 a 0 (17 . Thus the EHFACE2U curves provide a consistent description of both potential energy curves, not only in the range covered by the RKR data but also outside it (see later). In particular, the curve for the A 1 will describe a potential bump (6) which is a well-known spectroscopic feature having a height of 900 ± 150 cm −1 ; theoretical predictions place it at an internuclear distance of R ∼ 4.3 a 0 (4). In fact, the barrier height predicted by the fitted EHFACE2U curve for the A 1 state is 987 cm −1 . It shows also a van der Waals minimum at R ∼ 6.7 a 0 with a well depth of 167 cm −1 . Figure 1 and Fig. 2 show the potential energy curves, together with the fitted RKR points. At the bottom of both plots, we give the absolute errors relative to the fitted RKR points. Clearly, the EHFACE2U model provides a good fit of the available RKR data. In addition, the fitted curves are seen to provide a reliable extension of the data beyond the last RKR turning-points. The numerical parameters obtained in the constrained least-squares fitting procedure are compiled in Table 1 .
FIG. 1. EHFACE2U
potential energy curve and RKR points for the X 1 + state of CO. The dissociation limit is the zero of energy. The lower panel shows the absolute errors to the fitted RKR points. Fig. 1 but for the A 1 state of CO.
FIG. 2. As in

RESULTS AND DISCUSSION
The EHFACE2U curves described in Section 2 and the ab initio transition dipole moments of Spielfiedel et al. (10) have been used to study the spectroscopy of the
The optical (band) oscillator strength for absorption is (in atomic units) given by
where E v ,v is the transition energy between the v and v levels of the X 1 + and A 1 electronic states, respectively; g is the degeneracy factor given by
For the A
In turn, D v ,v is the vibrationally averaged dipole transition moment
where v and v are the rovibrational wave functions of the initial (X 1 + ) and final ( A 1 ) states, respectively. For the calculations reported in this work, we have used the ab initio transition moment D(R) of Spielfiedel et al. (10) . Their D(R) values cover the range 1.3 ≤ R/a 0 ≤ 15, and stem from multireference configuration interaction (MRCI) calculations which employed a gaussian basis set including up to f polarization functions plus diffuse ones. They are the most accurate values calculated up to date for this system. To take account of the selection rules for the title transitions, we have carried out the calculations using J = 0 for the ground state X 1 + , and J = 1 for the A 1 state, as did Spielfiedel et al. (10) .
We have also calculated the Franck-Condon factors;
which are sensitive to the shape of the two involved potential energy curves, and hence provide a good measure of their quality. Both the calculation of the Franck-Condon factors and transition moments v |D(R)| v have been performed using the program LEVEL 7.0 of Le Roy (22), which has been modified to include the EHFACE2U model. We emphasize that the A 1 state has been carefully described at the potential maximum and asymptotic limits, since the shape of the potential curve in this region has a large influence on the results calculated for the highest vibrational quantum states which have the smallest overlap with the initial ones (v = 0, 1). The RKR spline curves of Spielfiedel et al. (10) were computed using the criteria of best overall agreement between calculated vibrational energies and rotational constants with the experimental values. Their RKR curve for the A 1 state is therefore expected to be more accurate than ours for low vibrational levels close to the bottom of the well. On the other hand, for the high vibrational states, our A 1 curve is physically motivated both for small and large R values and hence should give more reliable results for the calculated quantities. Table 2 Factors q(v , v ) transitions. The observed trend is similar to that observed for the Franck-Condon factors: the APDs for the oscillator strengths referring to the transitions v ← v = 0 start with a negative value for v = 0, 1 (absolute error smaller than 5%), reaches 10% or so for v = 12, 13, and reaches 31% for v = 23. In turn, the APDs for the transitions v ← v = 1 range from −2.5 % for v = 0 to a maximum of 23% for v = 23, being 0.6% at v = 7. When the theoretical oscillator strengths are compared with the experimental results, some interesting features emerge. We first discuss the transitions from v = 0 to high v values (v ≥ 11). As seen, the agreement between our calculated oscillator strengths and the experimental results of Eidelsberg et al. (1) for v = 23 is reasonable, with the average difference being −23.7%. Thus, our result is better than that obtained from Ref. (10) , which differs by 54%, which may be explained by our improved description of the A We now turn to low vibrational levels (v ≤ 10 ← v = 0), comparing the theoretical results with the experimental ones 
CONCLUSIONS
We have reported novel potential energy curves for the X 1 + and A 1 states of the CO molecule from the EHFACE2U model (12) by using RKR turning points (and, at the barrier on the A 1 curve, an accurate ab initio geometry and corresponding experimental estimate of the barrier height) as calibrating data. We have also investigated the spectroscopy of the A 1 (v = 0-23) ← X 1 + (v = 0, 1) transitions using an accurate ab initio transition dipole moment function. The calculated oscillator strengths based on these EHFACE2U curves have been compared with other theoretical values (all calculations used the same transition moment function and fitted RKR points (10)): the APDs have been found to reach nearly 30% for v = 23 while showing a closer agreement for lower vibrational levels. The same trend has been observed for the Franck-Condon factors. In summary, we emphasize that the the upper levels v = 18, 20, 21, 23 are found to be in better agreement than that achieved with previous potential energy curves. In particular, our computed oscillator strength for v = 23 shows reasonable agreement with recent experimental results (1). This better agreement for the upper levels can be attributed to the correct description of the CO( 1 ) potential energy curve close to dissociation.
